Introduction
============

It is estimated that there will be 241,740 new prostate cancer cases in 2012, with a projected death toll of 28,170 within the same year.[@b1-ott-5-119] Once again prostate cancer will be the second-leading cause of cancer death of American males. Current treatment options available for prostate cancer include (1) active surveillance, (2) surgery, (3) radiation therapy, (4) hormone therapy, (5) chemotherapy, and (6) immunotherapy.[@b2-ott-5-119] The treatment given varies and it depends on age, overall health of individual, and the stage of disease. Prostate cancer, although initially treatable, can recur in an androgen-insensitive or hormone-refractory form that is not responsive to current therapies.[@b3-ott-5-119] The mortality rate associated with recurrent prostate cancer is high; therefore, effective therapies to treat the disease, especially those adequate for recurrent cases, are in great demand.

Novel therapeutic agents designed to specifically target prostate cancer are needed. Targeted prostate cancer therapy using inhibitors of the signal transduction and activator of transcription 3 (STAT3) appears promising. A common feature of many prostate cancers is their dependence for survival on the activated form of STAT3. Importantly, inhibition of STAT3 has been shown to induce apoptosis in prostate cancer cells.[@b4-ott-5-119]--[@b6-ott-5-119] The targeting of STAT3 could in practice serve as a suitable option for therapeutic intervention. This review will focus on STAT3, its role in prostate cancer, and how inhibitors of STAT3 could advance the quest for treatment of the disease.

STATs
=====

Once activated, transcription factors are proteins that regulate the genome by either inducing or repressing gene expression. Transcription factors bind to specific DNA sequences in the genome upstream or near the promoter region of their gene of interest. STATs are now known to activate many genes involved in malignant progression and have recently emerged as ideal molecular targets for cancer therapy.[@b7-ott-5-119]--[@b9-ott-5-119] STATs were originally discovered in their role as cytokine signaling proteins and comprise seven members: STAT1, STAT2, STAT3, STAT4, STAT5a, STAT5b, and STAT6.[@b10-ott-5-119]

The general structure of STATs includes a STAT dimerization domain at the NH~2~ terminus, a coiled-coil domain involved in protein--protein interactions, a central DNA binding domain, a Src homology 2 domain, and a COOH terminus encoding the transcription activation domain.[@b11-ott-5-119],[@b12-ott-5-119] STATs are activated in response to ligation of receptors by cytokines, hormones, and growth factors through phosphorylation of tyrosine and serine residues.[@b11-ott-5-119],[@b12-ott-5-119] For example, signaling by the interleukin 6 (IL-6) family generally induces phosphorylation of STAT3.[@b13-ott-5-119],[@b14-ott-5-119] Once phosphorylated, STATs undergo a conformational rearrangement; dimerization then occurs through interactions between phosphotyrosine and the Src homology 2 domain.[@b15-ott-5-119] After activation, phosphorylated STATs dimers translocate to the nucleus and bind enhancer elements of target genes. In normal cells, the activation of STATs is tightly regulated and transient. However, constitutive activation of STATs has been associated with the malignant state. Constitutive activation of STAT3 in particular has been shown to be addictive: disrupting activation or expression or nuclear translocation leads to apoptosis of transformed but not benign cells.[@b5-ott-5-119],[@b6-ott-5-119],[@b16-ott-5-119]

Role of STAT3 in cancer
=======================

Originally known as acute-phase response factor, STAT3 was identified and cloned within the IL-6 pathway as a mediator of the acute-phase inflammatory response.[@b17-ott-5-119],[@b18-ott-5-119] However, it is now known that STAT3 is activated by an array of ligand-receptor interactions, including those mentioned earlier (cytokines, hormones, and growth factors), and also by activation of intracellular kinases.[@b11-ott-5-119],[@b12-ott-5-119] STAT3 can also be activated by growth factor receptors that possess intrinsic tyrosine-kinase activity. These include epidermal growth factor receptor, hepatocyte growth factor receptor (also known as c-Met), and the platelet-derived growth factor receptor.[@b19-ott-5-119]--[@b23-ott-5-119] Non-receptor, cytoplasmic tyrosine kinases (ie, Abelson leukemia protein and Src-related kinases) also activate STAT3.[@b24-ott-5-119]--[@b26-ott-5-119]

In benign cells, STAT3 activation is initiated by the binding of a ligand to its receptor, which leads to dimerization of the cytoplasmic domain of the receptor and activation of associated Janus tyrosine kinases (Janus kinase 1 \[JAK1\], Janus kinase 2 \[JAK2\], or tyrosine kinase 2 \[TYK2\]) ([Figure 1](#f1-ott-5-119){ref-type="fig"}). Activated upstream kinases in turn phosphorylate STAT3 on its conserved tyrosine residue (Tyr^705^), which allows for dimerization of STAT3. The STAT3 dimer then translocates to the nucleus where it regulates transcription. Dimerization of receptors with intrinsic tyrosine kinase activity can also directly phosphorylate STAT3.

In malignant cells, the requirement for ligand binding is often lost. A number of human cancers have been reported to express constitutively activated STAT3[@b12-ott-5-119],[@b27-ott-5-119] -- these include myeloma, lymphoma, head and neck squamous cell carcinoma, melanoma, and breast, ovarian, lung, pancreatic, and prostate cancer. Glycoprotein 130 kDA--mediated STAT3 activation, in particular, has been linked to many types of solid and hematological tumors.[@b28-ott-5-119]--[@b30-ott-5-119] The glycoprotein 130 kDA receptor complex, part of the IL-6 signal transduction pathway, is well known for intracellular activation of JAK-TYKs as well as STATs. This mechanism of ligand-independent activation may be important in cancer.

STAT3 is essential for embryonic stem cell growth and renewal; disruption of STAT3 activity results in embryonic lethality in mice.[@b31-ott-5-119],[@b32-ott-5-119] STAT3-responsive elements have been identified in several genes influencing cell cycle progression, apoptosis, or metastasis. These genes include cyclin D1, B-cell lymphoma extra large, B-cell lymphoma 2, and matrix metalloproteinase 9.[@b33-ott-5-119]--[@b37-ott-5-119] The upregulation of the expression of these genes in cancers is well known.[@b38-ott-5-119]--[@b43-ott-5-119] STAT3 is also an important mediator of angiogenesis, as it has been shown to be required for vascular endothelial growth factor signaling.[@b44-ott-5-119]--[@b46-ott-5-119] When persistently activated, STAT3 behaves as a proto-oncogene[@b47-ott-5-119]--[@b50-ott-5-119] and is believed to be required for the malignant phenotype. The mechanism of action of how STAT3 becomes persistently activated is unknown; although, in bladder cancer, the CDC91 L1 oncogene, activated by a chromosomal translocation, leads to persistent STAT3 activation. [@b51-ott-5-119] In prostate cancer, abnormal activation of STAT3 is thought to be responsible for neoplastic progression of prostate cells.[@b52-ott-5-119] Prostate cancer cells also expressing persistently activated STAT3 have been shown to become dependent on it for survival; disruption of expression of persistently activated STAT3 in prostate cancer cells results in apoptosis.[@b5-ott-5-119],[@b6-ott-5-119],[@b16-ott-5-119] This makes STAT3 an excellent molecular candidate for prostate cancer therapy.

In recent years, STAT3 inhibitors have emerged as promising anticancer therapies.[@b53-ott-5-119]--[@b55-ott-5-119] STAT3 signaling is advantageous because (1) constitutive activation of STAT3 is seen in many cancers; (2) STAT3 is associated with many genes involved in cell cycle progression, apoptosis, and metastasis; and (3) STAT3 is a single target. The interruption of STAT3 signaling can prompt the development of molecules effective in the treatment of a variety of tumors.

Different strategies have been established to inhibit STAT3 activity ([Table 1](#t1-ott-5-119){ref-type="table"}). The most popular approach inhibits STAT3 by disrupting upstream tyrosine kinases (JAK1, JAK2, or TYK2) responsible for its activation. Other approaches such as oligonucleotides (antisense, decoy, g-quartet, and binding sequences), dominant-negative expression vectors, and siRNA methodologies target STAT3 directly.[@b6-ott-5-119],[@b12-ott-5-119],[@b56-ott-5-119]--[@b60-ott-5-119] Oligonucleotides, in particular, are very attractive in theory, but a practical method to deliver oligonucleotides in a clinical setting has not been established. However, a possible approach to introduce oligonucleotides in a clinical setting is to use peptide-mediated transport, coupling a cell-penetrating peptide to a therapeutic payload (ie, peptide nucleic acid).[@b61-ott-5-119],[@b62-ott-5-119] Cell-penetrating peptides are advantageous because cell specificity in the sequence and organelle specificity, using nuclear localization signals, can be achieved. Less popular approaches target (1) physiological regulators of STAT3 (ie, suppressor of cytokine signaling \[SOCS\] proteins and protein inhibitors of activated STATs \[PIAS\]) or (2) STAT3 interacting nuclear proteins that help with STAT3 transcription regulation.[@b12-ott-5-119] SOCS proteins and PIAS are negative regulators of STAT3 that block STAT3 activation.[@b63-ott-5-119]--[@b65-ott-5-119] SOCS proteins bind to JAK1, JAK2, or TYK2 to inhibit STAT3 activity; PIAS interact directly with STAT3 and block its DNA-binding activity. However, these proteins are not totally specific for STAT3, as they have other functions in the cell. This makes them less attractive for therapeutic development.

Studies have shown that inhibition of STAT3 leads to cessation of tumor cell growth and apoptosis. Experiments conducted in the human myeloma cell line U266 resulted in two major findings: (1) the cell line was sensitive to AG490 (a JAK2 inhibitor that disrupts STAT3 activation; also a potent inhibitor of epidermal growth factor receptor, which can also interrupt STAT3 activity) and (2) the transfection of the cell line with a dominant-negative form of STAT3 (DN-STAT3), which blocks STAT3 function, induced apoptosis.[@b66-ott-5-119] In another study, the transfection of DN-STAT3 in head and neck squamous cell carcinoma lines lead to the failure of cells to divide.[@b67-ott-5-119] The use of DN-STAT3 also showed therapeutic ability in a melanoma model.[@b68-ott-5-119] AG490 has also been shown to suppress growth in the classic cell lines of prostate cancer, DU-145 and PC3.[@b69-ott-5-119] Another prostate cancer cell line, TSU-Pr1, was also sensitive to the effects of AG490 in the same study.

JAK2 inhibitors: a closer look
==============================

STAT3 signaling by cytokines is mediated through upstream tyrosine kinases JAK1, JAK2, or TYK2. Because of their downstream targets involved in apoptosis, proliferation, and differentiation, these tyrosine kinases are also potential therapeutic targets for cancer therapy. The development of JAK2 inhibitors, in particular, has recently been of great interest to researchers.[@b70-ott-5-119]--[@b74-ott-5-119] A single point mutation within JAK2 was found to be linked to many myeloproliferative disorders.[@b75-ott-5-119]--[@b79-ott-5-119] A substitution of valine by phenylalanine at amino acid 617 (JAK2^V617F^) was found in 95% of patients with polycythemia vera (PV), and 50% of patients with essential thrombocythemia (ET), or primary myelofibrosis.[@b55-ott-5-119]--[@b59-ott-5-119] Point mutations or insertions/ deletions in JAK2 exon 12 have also been implicated in JAK2^V617F^-negative PV patients.[@b80-ott-5-119]--[@b83-ott-5-119] The JAK2^V617F^ mutation is located within JAK2's autoregulatory JAK homology 2 pseudokinase domain, which, interestingly, lacks catalytic activity.[@b84-ott-5-119] However, the JAK2^V617F^ mutation causes JAK2 to be constitutively activated and results in increased activity and phosphorylation of downstream targets such as STATs.[@b79-ott-5-119] JAK2 inhibitors appear promising in the treatment of hematological and solid tumor cancers that show aberrant activation of the JAK2-STAT signaling pathway.

Ruxolitinib (Incyte Corporation, Wilmington, DE), also known as INCB018424, is a potent inhibitor of JAK1 and JAK2.[@b85-ott-5-119] It was among the first JAK2 inhibitors tested in myeloproliferative disorders. Ruxolitinib administered to JAK2^V617F^-positive mice reduced levels of circulating inflammatory cytokines and splenomegaly, which ultimately increased survival.[@b68-ott-5-119],[@b86-ott-5-119] Although the precise mode of action of ruxolitinib is not well understood, it is believed to competitively interact with the adenosine triphosphate (ATP) or substrate- binding site of JAK1 and JAK2.[@b71-ott-5-119] Ruxolitinib showed promising results in phase III clinical trials from patients with myelofibrosis (primary, post-PV, or post-ET myelofibrosis); more than 35% of patients demonstrated reduction in spleen size and more than 50% showed reduction in myelofibrosis-related symptoms when ruxolitinib was taken orally twice daily, compared with the best available therapy (hydroxyurea or glucocorticoids) and placebo.[@b69-ott-5-119] The US Food and Drug Administration approved ruxolitinib in November 2011 as the first drug treatment ever for myelofibrosis; ruxolitinib also was the first JAK2 inhibitor approved for therapy.[@b86-ott-5-119] Clinical trials to study the effects of orally administered ruxolitinib in patients with androgen-independent, metastatic prostate cancer started in March 2008.[@b87-ott-5-119] The study successfully advanced to phase II clinical trials. Patients were administered ruxolitinib 25 mg tablets twice daily with water over 21-day cycles for as long as the drug was tolerated. However, as of January 2012, the study was terminated after it was shown that fewer than two of the 22 patients showed a prostate-specific antigen response of 50.[@b87-ott-5-119]

AZD1480 is a potent inhibitor of JAK1 and JAK2. In preclinical studies, AZD1480 inhibited tumor growth in constitutively activated STAT3 solid tumor cell lines.[@b57-ott-5-119] These cell lines, including DU-145 (a classic human prostate cancer cell line), had constitutive STAT3 action via IL-6 stimulation. AZD1480 also blocked constitutive STAT3 signaling and phosphorylation following suppression of tumor growth.[@b57-ott-5-119] AZD1480 is now being studied in phase I/II clinical trials in patients with myelofibrosis and phase I clinical trials, alone or with docetaxel (Sanofi-Aventis, Paris, France), in patients with advanced solid malignancies.[@b88-ott-5-119]

Numerous other novel JAK2 inhibitors are still being studied in clinical trials ([Table 2](#t2-ott-5-119){ref-type="table"}). TG101348 is another potent inhibitor of JAK2.[@b72-ott-5-119] TG101348, an ATP-competitive inhibitor, resides in the ATP-binding pocket of JAK2 where it exemplifies its inhibitory effects.[@b72-ott-5-119] TG101348 disrupts JAK2-induced phospho-STAT3 signaling in cultured and primary cells from patients with JAK2^V617F^-positive myeloproliferative disorders.[@b89-ott-5-119],[@b90-ott-5-119] TG101348 is now being studied in phase I/II clinical trials in patients with myelofibrosis. SB1518, CYT387, NS-018, CEP-701, and XL019 are also JAK2 inhibitors in phase I/II clinical trials for treatment in patients with myeloproliferative disorders, with promising future clinical trials extending to patients with solid malignancies.[@b70-ott-5-119],[@b73-ott-5-119],[@b91-ott-5-119]--[@b94-ott-5-119]

Conclusion
==========

Constitutively activated STAT3 has been implicated in a number of human cancers, including prostate cancer. As a result, STAT3 inhibitors have emerged as ideal molecular targets for cancer therapy. Targeted prostate cancer therapy using JAK2 inhibitors, in particular, appears very promising in the treatment of the disease. The study of JAK2 inhibitors in myeloproliferative disorders has provided a basis for the study of these novel molecules in solid tumors. JAK2 targeted therapy has been shown to decrease symptoms associated with myeloproliferative disorders and increase overall survival of patients compared with the best available therapy. In addition to improved outcome, many JAK2 inhibitors have been found to be tolerable with no adverse impact on quality of life. As such, JAK2 inhibitors may play an important role in the management of patients with prostate cancer. Current studies are evaluating the role of JAK2 inhibitors in solid tumors. Pending clinical trial results will determine the future direction of JAK2 inhibitors in the treatment of patients with prostate cancer.

**Disclosure**

The authors report no conflicts of interest in this work.

![Signal transducer and activator of transcription 3 (STAT3) activation: STAT3 activation is initiated by binding of the ligand, interleukin 6 (IL-6), to its receptor, which consists of glycoprotein 80 kDA and glycoprotein 130 kDA (gp130). Binding of IL-6 to the receptors leads to dimerization of the cytoplasmic domain of the gp130 peptide, with subsequent activation of associated Janus tyrosine kinases, notably Janus kinase 2 (JAK2). The activated JAKs in turn phosphorylate STAT3, which allows for dimerization of STAT3. The STAT3 dimer then translocates to the nucleus where it regulates transcription.\
**Abbreviations:** α**,** alpha; IL-6R, interleukin-6 receptor.](ott-5-119f1){#f1-ott-5-119}

###### 

Pharmacological strategies to inhibit signal transducer and activator of transcription 3 (STAT3) signaling: different methods have been established including indirect, direct, or alternate inhibition of STAT3

  Inhibition type   Examples
  ----------------- --------------------------------------------------------------------------------------------------------------
  Indirect          Small molecule inhibitors of JAK, SRC, BCR-ABL, EGFR, c-Met
  Direct            Antisense and decoy oligonucleotides, cell penetrating peptides, dominant-negative expression vectors, siRNA
  Alternate         Inhibitors of physiological regulators of STAT3 signaling; inhibitors of STAT3 interacting proteins

**Abbreviations:** BCR-ABL, breakpoint cluster region-Abelson leukemia protein; EGFR, epidermal growth factor receptor; JAK, Janus kinase; siRNA, small interfering RNA; SRC, sarcoma.

###### 

Novel Janus kinase (JAK) inhibitors in development: numerous JAK1 and JAK2 inhibitors are being developed in clinical trials for treatment of myeloproliferative diseases and solid malignancies

  Name       Stage of development   Kinase selectivity   Company
  ---------- ---------------------- -------------------- --------------------
  AZD1480    Phase I/II             JAK1, JAK2           AstraZeneca
  TG101348   Phase I/II             JAK2                 TargeGen Inc
  CYT387     Phase I/II             JAK1, JAK2           YM BioSciences Inc
  NS-018     Phase I/II             JAK2                 NS Pharma, Inc
  SB1518     Phase I/II             JAK2                 S\*BIO Pte Ltd
  CEP-701    Phase II               JAK2                 Cephalon, Inc
  XL019      Phase I                JAK2                 Exelixis, Inc
